ABSTRACT Effects of 3 conventional insecticides (methyl parathion, azinphos-methyl, cypermethrin) and 3 insect growth regulators (fenoxycarb, diflubenzuron, and tebufenozide) on life-table parameters of Micromus tasmaniae Walker were determined in adults derived from insecticide-treated larvae. The following parameters were compared with the control: sex ratio, longevity, sterility, and fecundity. Power analysis was used to increase the efficiency and the predictability of the life-table test. Diflubenzuron resulted in a higher proportion female lacewings. Longevity was reduced for females emerging from fenoxycarb-and diflubenzurontreated larvae. Total number of eggs was reduced for diflubenzuron-and fenoxycarb-treated lacewings, as weIl as the following generation of tebufenozide-exposed lacewings. Daily number of eggs was reduced for the diflubenzuron treatment. Peak egg production was increased for lacewings exposed to azinphos-methyl and was decreased for the following generation of tebufenozide-exposed lacewings. Diflubenzuron treatment resulted in an extended preoviposition period. Oviposition periods were reduced for lacewings treated with fenoxycarb, diflubenzuron or azinphos-methyl as weIl as for the following generation of the tebufenozide treatment. The time to peak egg production was similar for all treatments. Methyl parathion, cypermethrin, and tebufenozide treatments showed no differences in any of the tested life-table parameters in the 1st generation. In summary, the insect growth regulators fenoxycarb and diflubenzuron had a more severe impact on life-table parameters than the 2 organophosphates and the pyrethroid. In future research, increased attention should be paid to long-term (e.g., the following generation) effects on life-table parameters.
THE USE OF beneficial arthropods for integrated pest management has become widespread, and the benefits of this tactic have been widely recognized. In view of the recent development of new insecticide classes (i.e., juvenoids and ecdysone agonists), that are slower acting and produce a greater degree of sublethaI effects than conventional insecticides (i.e., organophosphates and pyrethroids), it is important to gain a bettel' understanding of sublethaI effects on beneficial arthropods (eroft 1990, Stark and Wennergren 1995) . The significance of sublethaI effects on so-called life-table parameters has been summarized by Croft (1990) .
Although neuropteran chrysopids (especially Chrysoperla carnea Stephens) have been used as biological control agents for some time, and are being produced commercially in the northern hemisphere (Hassan 1974 , Karelin et al. 1989 , hemerobiids are reiatively new candidates for biological and integrated pest contral (Leathwick 1989, Stelzl IManaaki Whenua-Landcare Research, F.O. Box 69, Lincoln, New Zealand.
2 University oE Konstanz, Ecotoxicology Laboratory, 78434 Konstanz, Germany. 3 Lincoln University, P.O. Box 84, Canterbury, New Zealand. and Hassan 1992) . A wide range of literature is available on the effects of insecticide on chrysopids, however, little is known about the sublethaI effects of insecticides on hemerobiids Micromus tasmaniae Walker is one of the most abundant beneficial predators in Australasia and has high potential for use in integrated pest management. In this study, the effects of 5 different classes of insecticides on the fecundity and on other life-table parameters of M. tasmaniae are examined and compared: 2 organophosphates (methyl parathion and azinphos-methyl), 1 pyrethroid (cypermethrin), and 3 insect growth regulators including 1 juvenile hormone analogue (fenoxycarb), 1 chitin syntheses inhibitor (diflubenzuron), and 1 ecdysone-based moulting inducer (tebufenozide). The organophosphates and the pyrethroid were chosen as representatives of conventional insecticides. However, the 3 classes of insect growth regulators reflect the more recent and more slowly acting generation of insecticides with a more selective mode of action.
Because ofhigh natural variation in fecundity and longevity of lacewings, a large number of replicates (individual pairs of lacewings) is necessary for meaningful statistical analyses of insecticide effects 0022-0493/98/0034-0040$02.00/0 © 1998 Entomological Society oE America First publ. in: Journal of Economic Entomology 91 (1998), 1, pp. 34-40 Konstanzer Insects. A laboratory colony of M. tasmaniae was derived from adult insects collected in Canterbury, New Zealand. Larvae and adults of M. tasmaniae were reared on pea aphids, Acrythosiphon pistlm (Rarris), and kept at 19°C, 60% RH, and a photoperiod of16:8 (L:D) h. The generation following the field-collected lacewings was used for all experiments.
Application of Insecticides. Glass petri dishes (9 cm diameter) were sprayed with 2 ml of an aqueous suspension of each insecticide at 8 mb ar using Potter tower equipment, which was housed in a self-constructed spray chamber. Controls were sprayed with water. This resulted in a homogeneous spray coverage ofO.93 ± 0.08 J,LI (mean ± SE) fluid per square centimeter. The quantities (J,Lg) of methyl parathion, azinphos-methyl, cypermethrin, fenoxycarb, diflubenzuron, and tebufenozide deposited per square centimeter were 0.05, 0.007,0.002,0.005,0.07, and 7.44, respectively. These quantities allowed 50% of the exposed lacewings to reach the fertile adult stage and were based on the results of dose-response experiments (Rumpf 1994 ). An exception was tebufenozide, which did not cause any mortality even at concentrations much higher than the recommended field rate. It was applied at a rate of 10 times that of the recommended field coverage and, additionally, was used as an example to test possible effects in the following generation of lacewings. At least 20 petri dishes were sprayed per treatment. After the spray deposit had dried, 20 M. tasmaniae larvae (3rd instars, 30.5 ± 11.5 h since 2nd larval molt) were transferred to each petri dish. A daily supply of pea aphids served as food for the surviving larvae, which were kept on the contaminated petri dishes until adult emergence. After emergence, the sex of the lacewings was determined and 1 female and 1 male lacewing were paired and transferred to a clean petri dish.
Only lacewings that hatched within 10 h of each other were paired. Variable survival rates from the insecticides and differing times of emergence resulted in different sampie sizes (n = 27-65). The adult lacewings were fed on pea aphids, and the eggs were laid on small pieces of black linen attached to the petri dishes. The lacewings were fed 3 times a week and the petri dishes were cleaned at the same time.
Life- Table Parameters . Effects of the insecticides on the sex ratio of emerging adults, longevity of adult females, proportion of sterile pairs, total number of eggs, mean number of eggs per day of oviposition, number of eggs at time to peak production, preoviposition period, oviposition period, and time to peak egg production were determined.
Statistical Analysis. The Pearson chi-square test was used to determine the significance of differences in the sex ratio and the proportion of sterile pairs of lacewings. This analysis was conducted using paired comparisons of each insecticide with the water-treated control.
Analysis of the number of eggs at the day of peak production and the average number of eggs per female per day was conducted using analysis of variance (ANOVA) (Wilkinson 1990) .
Differences in longevity offemale lacewings, total number of eggs per female, preoviposition period, oviposition period, and day of peak egg production were determined by ANOVA using loge-transformed data (parameters showed a right-skewed distribution). Data reported are geometric means. When the ANOVA showed significant differences (P< 0.05) among the means, paired comparisons of each mean with the control were made using least significant difference (LSD) tests. To determine the life span of adult females, only individuals for which the time to death had been monitored were used. When females did not oviposit for >5 d in succession but were still alive, they were released and their time to death could not be recorded. Sterile pairs of lacewings were excluded from ANOVA.
Power analysis (DallaI1988) based on the results of the AN OVA was used to determine the minimum percentage differences detectable between insecticide and control treatments for the different lifetable parameters at P < 0.05. This detection level was determined for full and time-reduced monitoring periods and for varying numbers of replicates. To assess the comparative sensitivity of the 6 oviposition parameters as weB as the longevity of female lacewings, the minimum percentage difference, detectable with power 80% and alpha 0.05, was calculated. This was calculated with n = 50 and 25 and under 4 stopping scenarios (when 100 and 50% of all pairs had ceased laying, when daily egg production was <30% of peak production, and when the mean number of eggs per couple was <5/ d). These stopping scenarios had to be calculated independently for each insecticide and the control treatment if data analysis were to have equal prerequisites for each treatment. Graphs showing the Tahle 1. Sex ratio, longevity, and fertility of M. tasmaniae exposed to insecticides during their larval development compared with proportion of lacewings for the different stopping scenarios against time for the 7 treatments were constructed using Kaplan-Meier (Kaplan and Meier 1958) estimates.
Results
Emerging adults of the control and the cypermethrin treatment showed almost equal numbers for both sexes (Table 1) . However, in all other treatments, greater numbers of female were produced (Table 1 ). The greatest proportion of fern ales was produced in the diflubenzuron treatment, which was significantly different from the wateronly control treament (>! = 4.961, df = 1, P = 0.026).
The fernale adult lacewings emerging from fenoxycarb-and diflubenzuron-treated larvae died """ 2 wk earlier than the water-only control insects (Table 1) .
There was no significant difference (>! = 11.624, df = 7, P = 0.114) between the proportions of sterile lacewing pairs throughout the treatments (Table 1) . However, a strong trend toward an increase in infertility was observed for diflubenzuron-treated lacewings, where 13% of all pairs did not lay any eggs. Although increased infertility could be observed for almost all insecticide treatments, generally the number of sterile pairs was low (0-13%) in all treatments.
Total numbers of eggs produced per female were reduced by =50% for diflubenzuron-exposed lacewings, 40% for fenoxycarb-exposed lacewings, and 30% for the 2nd generation of tebufenozide-exposed lacewings compared with the control value ( Table  2) . Diflubenzuron-treated females deposited significantly fewer eggs per day than the control females (P< 0.01). When the number of eggs deposited by each lacewing pair at their day of peak production was compared, azinphos-methyl-exposed lacewings produced significantly (P< 0.01) higher numbers of eggs, whereas the following generation of tebufenozide-treated lacewings produced significantly (P< 0.01) lower numbers of eggs, than the water-treated control insects (Table 2) .
The time profile for oviposition demonstrates significant differences between lacewings treated with the 3 insect growth regulators (diflubenzuron, fenoxycarb, and tebufenozide) and azinphosmethyl compared with the control insects ( Table 3) . The preoviposition period (time between adult emergence and 1st oviposition) was increased for diflubenzuron-exposed lacewings, whereas the length of the oviposition period was reduced for aIl Number of days after emergence Fig. 1 . Oviposition curves (using calculated means für preoviposition period, time to peak oviposition and length of oviposition period) for controllacewings, and lacewings treated with methyl parathion, azinphos-methyl, and cypermethrin. the number of eggs at peak production was elevated and, therefore, the sensitivity of these test parameters was redueed. The sensitivity of following test parameters was increased if the monitoring period was stopped before 100% of the pairs ceased oviposition-total number of eggs per female, day of peak production, and length of the oviposition period (Table 4) . Variables with endpoints before the end of the monitoring periods, such as the duration of the preoviposition period, and with extended endpoints, such as longevity of females, were not effected by the different stopping scenarios (Table  4 ). The proportion of lacewings for the different stopping scenarios against time were compared for the 7 treatments shown in Figs. 4-6. An increase in the number of replicates from 2.5 to 50 pairs of lacewings generally decreased the minimum detectable difference by =10% (Table 4) .
treatments. This reduction was significant only for lacewings treated with fenoxycarb (P < 0.001), diflubenzuron (P< 0.05), azinphos-methyl (P< 0.05) and for the following generation of the tebufenozide treatment (P < 0.05) ( Table 3 ). Time to peak egg production was similar for all treatments, and no signiflcant (P> 0.05) difference was observed when compared with the control data (Table 3) .
These differences in oviposition led to a shift from the normal oviposition curve for control females. For all treatments, the laying pattern showed a rapid linear increase to reach the peak egg production in =5 d. The decline in oviposition started, for all treatments, with a rapid reduction, followed by a period of constant egg production, which was followed by a final rapid fall to no production (Figs.  1-3) . The oviposition curves were ereated using calculated means for the preoviposition period, number of eggs at peak oviposition, time to peak oviposition, and length of the oviposition period. The eurves between these points were best fitted using a linear funetion from the start of the oviposition period to its peak and a cubic function from the peak to the end of oviposition. Changes in the oviposition curve are demonstrated in Fig. 1 for azinphos-methyl-, in Fig. 2 for fenoxycarb and diflubenzuron-treated lacewings, and in Fig. 3 for the lacewing generation following that exposed to tebufenozide. The curves for methyl parathion-, cypermethrin-and 1st-generation tebufenozidetreated lacewings followed that for the control, (Figs. 1 and 2) .
The most sensitive oviposition parameters (percentage difference detectable :::;;30) to show effects oftreatments were the mean number of eggs per day of oviposition, the number of eggs at the day of peak produetion, the length of the preoviposition pet-iod, and the time to peak oviposition (Table 4) . If alternative stopping mIes were applied (reducing the length of the monitoring period) (Table 4) These results dernonstrate the importance oflifetable examinations because it could be shown that, although the insect growth regulators fenoxycarb and diflubenzuron caused no short-term mortality (24-h test) in M. tasmaniae (Rumpf 1994 , they still have an impact on the health of exposed individuals. Despite that only 3rd instars were exposed to the insecticides, and the emerging adults were kept in an insecticide-free environment, the sex ratio of the adults was altered in the dif lubenzuron treatments. Longevity of females as weIl as fecundity oflacewing pairs and the length of the oviposition period were reduced in the fenoxycarb and diflubenzuron treatments. Tebufenozide caused no mortality during the remaining life cyde of M. tasmaniae, after exposure of larvae, even at a concentration 10 times that of the highest recommended field rate (Rumpf 1994 . There was no impact on the measured life-table parameters for the parent generation, which emerged from the exposed larvae. However, when the life-table parameters were evaluated for the following generation, fecundity and the length of the oviposition period was reduced. These results . Oviposition curves (using calculated means for preoviposition period, time to peak oviposition, and length of the oviposition period) for control lacewings and the lacewing generation following that exposed to the insecticides (tebufenozide 2nd). Fig.2 . Oviposition curves (using calculated means for preoviposition period, time to peak oviposition and length ofoviposition period) for controllacewings, and lacewings treated with fenoxycarb, diflubenzuron, and tebufenozide. Curve for tebufenozide treatment shows oviposition patterns of lacewing adults emerging from insecticide-exposed larvae (tebufenozide 1st). days after emergence parameters than the 2 organophosphates and the pyrethroid. Methyl parathion and cypermethrin had no effect on any of the parameters measured while azinphos-methyl caused a shift in the oviposition eurve through a shortened oviposition period, which was compensated for by an inereased number of eggs at peak produetion. Thus, fecundity was not affeeted. The severe effeets of diflubenzuron on the tested life-table parameters observed with brown laeewings in this study corroborate earlier findings on the effects of diflubenzuron in other insect species (Rup and Chobra 1985 , Equbal Ahmad 1992 , Kim et al. 1992 ).
Tebufenozide and fenoxyearb also have been shown to influenee fecundity (e.g., the reduction offeeundity in adults ofthe tufted apple bud moth, Platynota idaeusaZis Walker, that survived sublethai concentrations of fenoxycarb or tebufenozide) (Biddinger 1993) .
Because the parameters affected for M. tasmaniae not always are the same as those affected for C. carnea in inseeticide exposure tests, separate tests for eaeh of the 2 laeewing species must be eonducted. This is important beeause, in the past, researchers often generalized the toxie effeets of inseeticides for taxonomie orders or families of benefieial arthropods, as summarized by Theiling and Croft (1988) . For example, exposure of C. ca?"-nea to diflubenzuron resulted in a high reduetion of feeundity (total number of eggs) if adult laeewings were fed on diflubenzuron-treated aphids and longevity was not affeeted (Zaki and Gesraha 1987) . However diflubenzuron affected both fecundity and longevity in M. tasmaniae. Shour and Crowder (1980) determined Iife-table parameters with C. carnea after eontamination of 3rd instars with permethrin, and reported that feeundity, peak egg produetion, and the duration of the oviposition period remained unaffeeted after treatment. This corresponds with the results obtained for M. tasmaniae in our study. However, deereased longevity of surviving adult laeewings as reported in C. earnea eould not be eonfirmed for M. tasmaniae in this study, beeause longevity remained unaffeeted.
The results of our study also show that the sensitivity of the test (pereentage c1ifferenee between the treatments statistically (P < 0.05) deteetable), if it was stopped early, deereased for the total number of eggs produced per pair oflaeewings, whereas it inereased for the mean number of eggs per female per day. The inerease and deerease in sensitivity were eaused by the omission of eggs from pairs of brown lacewings that were still ovipositing when the majority had already eeased. This exdusion redueed the variability for the total number of eggs, beeause the lacewing pairs that kept ovipositing ultimately laid more eggs than those that finished at an earIier time. However, the average number of eggs produced per day is similar for lacewings with extended or shorter oviposition periods, because those with longer oviposition periods lay more eggs during early oviposition than those with shorter oviposition periods, and lay less as oviposition dedines. Ifstopped early, the mean number ofeggs per demonstrate that sublethai effects may surfaee after several generations and stresses the importance of long-term evaluations, in partieular in view of the use of some pestieides in integrated pest management. Sublethai effeets, as deseribed in this study, ean interfere with the synehrony between pest speeies and their natural enemies. Additionally they ean, in the long term, lead to the eradication of entire populations of beneficial arthropods. Whether the magnitude of the effeets deseribed in our study would lead to the eradication of laeewing populations, or to a severe disruption of the synchrony between this predator and its prey species, remains to be investigated. Thorough and long-term assessments of the population dynamics of this speeies in agroecosystems (e.g., in relation to weather conditions, harvesting patterns, and the existing invertebrate fauna) would be the necessary next step to achieve this goal.
When eomparing the results aehieved for the 3 inseet growth regulators (diflubenzuron, fenoxyearb, tebufenozide) with those for the other insectieides tested, it is eonc1uded that, at the rates applied (LC so ), the insect growth regulators fenoxyearb and diflubenzuron had a more severe impact on the life-table day is likely to be higher than that of the other pairs, thus increasing variability. It is recommended to shorten the evaluation time of the test by applying 1 of the suggested early stopping scenarios because the results do not lose much sensitivity, and some parameters become more sensitive. However, the test system becomes more time efficient because the evaluation time is reduced to almost half that of the duration of the original test. The data collected for the insecticide and water treatments provided estimates on average control values as weIl as information on the inherent variability of the different life-table parameters. This formed the basis for an estimate of the sensitivity of the various life-table parameters at different sampie sizes and at shortened testing times through power analysis. One of the major difficulties when carrying out fecundity testing (specin.cally), and life-table testing (in general) and for setting up standardized test systems has been to estimate the number of replicates to be used and the time frame of the experiments to achieve statistically valid (P < 0.05) and scientifically meaningful data. These difficulties could be overcome as indicated by the data presented here, and it would be possible to forecast the sensitivity of a planned test if statistical power were determined before experimentation.
